Planetary quarantine program by unknown
QR 20 
MARCH 1971 PLANETARY QUARANTINE 
SAND l A LABORATOR I ES QUARTERLY REPORT 
PLANETARY QUARANTINE PROGRAM 
CASE F I L E  
COPY 
Prepared by: 
Planetary Quarantine Department 1740 
SANDIA LABORATORIES 
OPERATED FOR THE U. S. ATOMIC ENERGY COMMISSION BY SANDlA CORPORATION ALBUQUERQUE. NEW MEXICO; LIVERMORE. CALIFORNIA I 
https://ntrs.nasa.gov/search.jsp?R=19710026685 2020-03-11T22:19:48+00:00Z
Issued by Sandia Corporation, 
a prime contractor to the 
United States Atomic Energy Commission 
- - -  - - - - - - - - -  
L E G A L  N O T I C E  
Thi. report was prepared u an account of Government ~ponaored work. 
Neither the United S t ~ t e s ,  nor the Commi.sioa, nor any person actIng on behalf 
of the Commission: 
A Makes an7 wurapty or  representation. expressed o r  implied, with re- 
spect to the Accuracy. completeness, or  usefulness of the information contained 
in this report, o r  that the use of any informaon. apparatus, method, o r  process 
disclosed In thir report may not infringe privately owned right.: o r  
8. Aasumer any liabilities with respect 0 the use of, o r  for damages .re- 
sulting from the uae of sny information, apparatus, method. or  process disclonad 
in this report. 
As used in the rbow, "person acting on behalf of the Commis8ionm includes 
any employee o r  contractor of the Comrnlsdon, o r  employee of such contractor, 
to the extent that auch employee or  contractor of the Commission. or  employee of 
such contractor prepares, disseminates, o r  provldes access to, any information 
pursuant to his employment or  contract with the Commission. or  his employment 
with such contractor. 
SANDIA LABORATORIES QUARTERLY REPORT - PLMETARY QIJAWYTIRE PROGRAbf 
TWENTIETH QUARTERLY REPORT OF PROGRESS 
For 
Period Ending March 31 , 9 971 
Pl anetary Quarantine Department 
Sandi a Laboratories, A1 buquerque, New Mexico 
Pro jec t  No. 0064010 
This work was conducted under Contract No. W-12,853, PI anetary FBrogranls , 
Of f i ce  o f  Space Science and Appl i cat ions , NASA Headquarters , 
Washington, D. C. 
CONTENTS 
Sumary  of  Act1 v i  t i  es 
Themoradi  a t i  on S t e r i  1 i zatf  on 
Themoradi  a t i  on Model i ng 
Mechanism S tud ie s  i n  Themoradi  a t i  on I n a c t i v a t i o n  
Fi ne P a r t i  cl e Physics 
Water A c t i v i t y  and Pressure  Experimentation 
Federal Standard 209a 
Pub1 i c a t i o n s  
P re sen t a t i ons  and Br i e f ings  
Page 
5 
9 
2 5 
33 
54 
61 
6 7 
69 
70 
SANDIA LABORATORIES QUARTERLY REPORT 
PLANETARY QUWWNTINE PROGRAM 
Summary of Ac t iv i t i e s  
Themoradiation S t e r i l i z a t i on .  Ac t iv i t i e s  this quar te r  have been devoted 
primari ly t o  invest igat ion i n  t he  following areas : 
(1 ) The re1 a t i v e  humidity s e n s i t i v i t y  of themoradia t ion i n a c t i  v a t i  sn 
of Bacil lus s u b t i l i s  var. niger spores a t  95OC. Here, a t  42% 
ambient RH a D-value of 3.0 hours was obtained, compared with 
2.5 hours a t  20% ambient RH. 
( 2 )  The themoradia t ion inact ivat ion s f  the extremely dry heat 
r e s i s t a n t  na tu ra l ly  occurring spores found by the  PHs i n  
Cape Kennedy s o i l .  These extremely heat r e s i s t a n t  spores were 
found t o  be highly r e s i s t a n t  t o  ionizing radia t ion a t  room 
temperature - comparing favorably with - M. radiodurans, Yaw- 
ever,  the combination of dry heat and y-radiat ion was s t r ik jng l j  
e f fec t ive .  A s e r i e s  of t e s t s  were run a t  125OC and a dose rate  
of 77 krads/hour. The thermoradiation D-value was found to be 
approximately 1/30th of the dry heat D-value a t  125°C. 
(3 )  The e f f e c t  of extremely high pulsed radia t ion dose rates an 
B. s u b t i l i s  var. niger spores a t  room tmpe ra tu r e  and a t  
- 
elevated temperature. I t  was found t h a t  very high dose r a t e ,  
high energy X-ray pulses a r e  l e s s  e f f ec t i ve  than essen t ia l ly  
continuous exposure t o  low dose r a t e  Y-radia t ion.  
T k 
-. . The improved thermorad ia t ion  model repor ted  
on i n  t h e  prev ious q u a r t e r l y  r e p o r t  makes poss ib le  t h e  d e r i v a t i o n  o f  an 
expression represent ing  t h e  synergism i n  thermorad ia t ion  i n a c t i v a t i o n .  
This expression f o r  synergism depends upon both  r a d i a t i o n  dose r a t e  and 
temperature. Methods are presented here f o r  choosing temperatures f o r  
maximum synergism a t  g iven dose ra tes ,  and f o r  choosing dose r a t e s  f o r  
maximum synergism a t  g iven temperatures. Examples o f  t h e  l a t t e r  a re  
provided f o r  - B. s u b t i l i s  var. n i g e r  spores a t  95"C, 105°C and 125°C. 
Mechanism Studies i n  Thermoradiat ion I n a c t i v a t i o n .  S i g n i f i c a n t  progress 
- 
was made i n  t h r e e  areas i n  t h i s  pas t  quar te r .  
( 1  Target  theory  has been t h e  bas i s  f o r  desc r ib ing  de le te r i ous  
r a d i o b i o l o g i c a l  e f f e c t s  i n  l i v i n g  systems f o r  t he  past  40 o r  
so years. The i n t e r f a c e  between t a r g e t  theory  and t h e  theory  
developed a t  Sandia Laborator ies over t h e  pas t  15 months has 
been i d e n t i f i e d .  The more general theory  o f  thermorad ia t ion  
conta ins t a r g e t  theory  as a proper  subtheory. The thermo- 
r a d i a t i o n  theory,  as an extension o f  t a r g e t  theory,  i s  capable 
o f  exp la in ing  many anomal i e s  o f  t a r g e t  theory  and c o n f l i c t s  i n  
r e s u l t s  obtained based on t h e  assumption o f  t a r g e t  theory,  so 
t h a t  thermorad ia t ion  theory  represents a s i g n i f i c a n t  s tep  f o r -  
ward i n  understanding general r a d i  obi01 ogi  ca l  e f f e c t s .  
( 2 )  I t  was demonstrated t h i s  pas t  qua r te r  t h a t  t h e  s y n e r g i s t i c  
phenomena ev ident  i n  t h e  thermorad ia t ion  i n a c t i v a t i o n  o f  
b a c t e r i a  and bacteriophages a l so  appear i n  o ther  b i o l o g i c a l  
sys tems ranging in complexity from enzymes t o  mammal i aa cel l  s ,  
I t  would thus appear tha t  themoradiation synergism i s  a 
u n i  versa1 phenomenon. 
( 3 )  In biological systems contai ning nuclei c acid , strong evidenc2 
has been obtained tha t  the substrate  most v i t a l ly  affected 
i n  a temperature i ndependent manner by i oni mi ng radi atd on I s 
the nucleic acid of the system. Also, evidence has been ob t a ined  
that  temperature dependent e f fec ts  of ionizing radiation are 
most evident on the same substrate.  
Fine Part ic le  Physics. During the past quarter i t  was demonstrated t n a t  
ambient dust par t ic les  which s e t t l e  on a surface and are subsequently 
subjected t o  controlled removal forces,  tend to  reach an equilibrium on 
the surface. This leads t o  a "plateau" i n  the number o f  part ic les  t h a t  
are found on the surface,  and may account, i n  par t ,  fo r  the p la teau  i g  
the number of organisms that  i s  typically found on spacecraft hardware, 
Test conditions and procedures and typical resul ts  are  described here, 
Water Activity and Pressure Experimentation. Because of the na tu ra l  
relationship between RH and pressure and the typical closed system 
experimentation to  study both, a flow through system has been developed 
in which i t  is possible to  control RH and pressure independently, A 
description of the system i s  given here. Preliminary experimentatio~ ds 
underway which should provide insight to  the inactivation o f  mated and 
encapsul ated organisms and the effects  of space on bacteri a1 inact-i  v a t i  on, 
Federal Standard 209a. Sandi a  Labora tor ies  , through t h e  A t m i  c  Energy 
Comissi on, has t h e  delegated responsi b i  1  i ty  from the  General Serv i  ces 
Admi nis t r a k i  on f o r  t h e  maintenance o f  Federal Standard 209a, '"1 ean Room 
and Work S t a t i o n  Requirements. 'I Ac t ing  i n  t h i s  capac i ty ,  i t  has been 
recommended t h a t  a  p re l im ina ry  meeting o f  government agency representa t ives  
be h e l d  t h i s  f a l l  t o  discuss poss ib le  r e v i s i o n s  t o  Federal Standard 209a. 
Thermoradiation S t e r i  l i z a t i o n  
A. Descr ipt ion.  The o b j e c t i v e  o f  t h i s  a c t i v i t y  i s  t o  thoroughly 
i n v e s t i g a t e  t h e  s t e r i l i z i n g  e f f e c t s  o f  combinations o f  heat and 
r a d i a t i o n ,  and t o  assess the  p r a c t i c a l i t y  o f  t h i s  process f o r  space-- 
c r a f t  s t e r i l i z a t i o n .  Themorad ia t ion  o f f e r s  t h e  possi b i l  i t y  of 
s t e r i l i z a t i o n  a t  temperatures l e s s  than 100°C a t  low dose rates of 
approximately 10 krad/hour. This i s  poss ib le  because o f  a synergistic 
e f f e c t  i n  b a c t e r i a l  i n a c t i v a t i o n  which has been observed when cow- 
b ina t ions  o f  heat  and gamma r a d i a t i o n  are app l ied  simultaneously. 
Should any spacecraf t  components prove t o  be heat  s e n s i t i v e  a t  h i gh  
temperatures, t h e m o r a d i a t i o n  o f fe rs  a potent ia l -means o f  overcomiqg 
r e l i a b i l i t y  problems. 
There appear t o  be p o t e n t i a l l y  s i g n i f i c a n t  s p i n - o f f  possibilities 
f o r  t h e  t h e m o r a d i a t i o n  process i n  t h e  s t e r i l i z a t i o n  o f  drugs, phar- 
maceuti c a l  s , cosmetics , medical products and food. This i s  p a r t i  cul apl y 
t r u e  a t  lower temperatures. 
B. Progress. A c t i v i t i e s  t h i s  quar te r  have been devoted primarily to (I) 
r e l a t i v e  humid i ty  s e n s i t i v i t y  o f  t h e m o r a d i a t i o n  a t  95'6, (2 )  i n a c t i v a -  
t i o n  o f  n a t u r a l l y  occur r ing  spores i n  s o i l  (PHs Phoenix s tock )  , and (3) 
t h e  e f f e c t  o f  extremely h igh  r a d i a t i o n  dose r a t e s  on - B. -~- subtilis var ,  
n i  ger. 
1. Two themorad i  a t i o n  experiments were run a t  95'6, 10 krads/B.aour 
t o  d e f i n e  t h e  RH s e n s i t i v i t y  a t  these cond i t ions  f o r  - B. subtilis 
var. n iger .  The f i r s t  experiment a t  40% RH r e s u l t e d  i n  a 
D-value of  3.0 hours.  The second experiment a t  20% RH r e s u l t e d  
i n  a D-value o f  2.47 hours .  
2 ,  I n a c t i v a t i o n  o f  Na tu ra l l y  Occurring Spores i n  S o i l .  S tud i e s  of 
t h e  b a c t e r i a l  spo re s  from Cape Kennedy s o i l  have been i n i t i a t e d  
t o  d e t e r n i n e  t h e  sui t a b i  1 i t y  o f  thermoradia t ion  f o r  steri l i z a t i o n  
o f  these na tu ra l  l y  occur r ing  popula t ions  . PHs Phoenix Laboratory 
has discovered t h e s e  spo re s  t o  be very hea t  r e s i s t a n t  w i t h  D1250C 
determined t o  be 13.9 hou r s ( ' ) .  This  q u a r t e r  we have i n v e s t i g a t e d  
t h e  hea t  r e s i s t a n c e  of t h e s e  spo re s  a t  105OC and 125"C, t h e  r a d i a t i o n  
r e s i s t a n c e  a t  dose r a t e s  o f  660 krads lhour  and 77 krads lhour  and 
t h e  t h e m o r a d i a t i o n  i n a c t i v a t i o n  a t  both 105OC and 125OC. 
Mater ia l s  and Methods. Dry h e a t ,  r a d i a t i o n  and thermoradia t ion  
experiments on t h e  n a t u r a l l y  occur r ing  spo re s  were conducted i n  
t h e  same manner a s  descr ibed  f o r  B .  s u b t i l i s  var .  n i g e r  
- 
(2 ' 3 ) .  I n  
some c a s e s ,  a s  is noted i n  Table  1 , s t a i n l e s s  steel coupons 
1" x 1 "  x ,020" t h i c k  were used i n  p l ace  o f  t h e  f o i l  a s  t h e  
usual s u b s t r a t e .  Af te r  two minutes o f  i n sona t ion  a 952 e thanol  
suspension of spo re s  was cont inuous ly  a g i t a t e d  t o  prevent  s e t t l i n g  
dusi ng i nocu la t i on  of  sampl es . Four rep1 i c a t e  samples p e r  time 
period were p l a t ed  i n  d u p l i c a t e  i n  T ryp t i ca se  Soy Agar w i t h  0.1% 
s o l u b l e  s t a r c h  and 0.2% y e a s t  e x t r a c t  added(4).  P l a t e s  were i n -  
cubated f o r  5-7 days a t  35OC. 
m Report No. 32,  0ct.-Dec. 1970, C D C ,  PHs, Phoenix Labs, January 1971 ( 2 )  SG-RR-70-423 
(3)  QR-19 
(4) QR-26, PHs, Phoenix 
Resul t s .  Dry h e a t  d e s t r u c t i o n  r a t e  sf the n a t u r a l l y  occurring 
spo re s  a t  105°C was found t o  be  e x t r m e l y  s low,  F4igure 1 shows 
the c h a r a c t e r i s t i c  b i  -phasi c s u r v i v o r  curve  f o r  t h e s e  organisms 
i n  s o i  1 .  The Dl 05PC f o r  t h e  r e s i s t a n t  sub-populat ion (neg lec t i ng  
No) i s  101.54 hours.  Th i s  can be compared t o  a D l o 5 O C  of 3-112 
hours f o r  - 5. s u b t i l i s  var .  n ige r .  In a subsequent  experiment, we 
determined t h e  thermoradia t ion  r e s i s t a n c e  o f  t h e  na tu ra l  l y  occurring 
spo re s  by using d ry  hea t  a t  105OC combined w i t h  g a m a  r a d i a t i o n  
a t  23 krads/hour.  Re l a t i ve  humidity o f  the a i r  supply i n t o  the 
oven was c o n t r o l l e d  a t  36% R H ,  23°C. Results a r e  shown i n  FSgure 2 .  
The D-value der ived  from these d a t a ,  aga in  neg lec t ing  No i s  5.36 
hours.  Although this is 1/20 of the d r y  h e a t  8-value,  i t  i s  five 
times the D-value f o r  - 5. s u b t i l i s  a t  t h e  same s t e r i l i z a t i o n  con- 
d i  t i o n s  ( tempera ture ,  dose r a t e ,  RH) . The r a d i a t i o n  r e s i s t a n c e  of 
t h e s e  organisms was next  i n v e s t i g a t e d .  Experiments were run a t  
two dose r a t e s  o f  660 krads/hour  and 77 krads/hour.  We f o u n d  a 
s l i g h t  degree  o f  dose r a t e  s e n s i t i v i t y  bu t  an ove ra l l  h i g h  degree 
o f  gamma r a d i a t i o n  r e s i s t a n c e .  The D-values ob ta ined  were 222 
krads a t  660 krads/hour and 202 krads a t  77 krads/hour.  These 
values  a r e  about  2-1/2 times t h a t  r equ i r ed  f o r  t h e  i n a c t i v a t i o n  
o f  - B. s u b t i  l is var .  n i g e r  under t h e  same cond i t i ons  (23"C, 36% 
RW). 
A number o f  experiments were performed a t  l25OC t o  compare 
t h e  thermoradia t ion  r e s i s t a n c e  t o  t h e  h e a t  r e s i s t a n c e  o f  t h e  
n a t u r a l l y  occu r r ing  spores .  Some experiments were pe r fomed  a t  
Sandla Labora to r i e s  j o i n t l y  wi th  PHS Phoenix personnel .  Table  1 
1 i sts t h e  experimental  cond i t i ons  and results . 
Figure 3 shows t h e  results o f  t h e  d r y  h e a t  experiment per -  
formed j o i n t l y  wl'th PHS. The D-value der lved  from a l e a s t  squa re s  
f i t  o f  t h e  r e s i s t a n t  subpopula t ion  was 29.45 hours.  Although a 
pre l  iminary experiment had i ndica ted  a Dl 250C o f  s l i g h t l y  over  
20 hours ,  this ' l a t t e r  experiment ,  w i t h  b e t t e r  c o n t r o l ,  should be more 
r e p r e s e n t a t i v e  o f  t h e  d e s t r u c t i o n  r a t e .  Figures  4 and 5 p re sen t  
d i f f e r e n t  dose r a t e  op t ions  and the r e s u l t a n t  D-values t h a t  a r e  
a t t a i n a b l e  by t h e  use o f  t h e m o r a d i a t i o n .  Using a r a t e  o f  77 
krads/hour  a t  125OC, the D-value is  1.04 hours and a t  a r a t e  of  
25 krads/hour ,  t h e  D-value is 2.65 hours .  I t  should be noted he re  
t h a t  t h e s e  dose r a t e s  do not  correspond t o  t h e  t o t a l  r a d i a t i o n  
dose/time s c a l e s  on Figures  4 and 5. The reason is t h a t  dur ing  
t h e  20 minute sampl i ng  per iod ( t ime  a t  t empera tu re ) ,  t h e  coba l t -60  
sou rce  is removed f o r  f i v e  minutes f o r  sample removal. 
F igure  6 is a comparison o f  the the rmorad ia t i on ,  r a d i a t i o n ,  
and d ry  hea t  i n a c t i v a t i o n  o f  t h e  n a t u r a l l y  occur r ing  s p o r e s .  I t  
is e v i d e n t  t h a t  s u b s t a n t i a l  r educ t ions  i n  time t o  s t e r i l i z e  a r e  
a v a i l a b l e  when us ing  t h e n o r a d i a t i o n .  A t h i r t y - f o l d  r educ t ion  i n  
time is  a v a i l a b l e  f r a n  a d r y  hea t  D-value o f  nea r ly  30 hours t o  
a thermoradia t ion  D-value of one hour.  Figure 6 shows the high 
degree  o f  synergism exper i  enced . 
3. E f f e c t  of  High Radiat ion Dose Rates. To i n v e s t i g a t e  the high dose 
r a t e  e f f e c t s  above t h a t  p r e s e n t l y  a v a i l a b l e  i n  our  cobal t -60 f a c i l  i ty , 
we have recently used a Sandi a X-ray machine cal l  ed Hemes 11, 
The Hermes I1 f a c i l i t y  is a high energy, pulsed electron 
beam or  bremsstrahlung X-ray generator. I t  provides a h i g h  dose 
ra te  of radiation w i t h  extremely rapid deposition o f  t h e  energy. 
This machine is capable of producing a maximum high energy X-ray 
5 dose of 10 rads (glass) during a 155 nanosecond pulse, The avergge 
photon energy i s  1.6 Mev as compared t o  1.25 Mev for cobal t-60, 
The dose r a t e  seen by the experimental material is  dependen t  
on i t s  location with respect t o  the distance from the X-ray tube 
anode and the distance from the beam centerline.  The greater t h e  
distance from the anode and from the beam centerline the lower the 
dose rate .  
The isodose and dose-per-pulse contours, Figure 7 ,  w h i c h  
had been established by dose measurements using s i  1 ver phosphate, 
cobalt glass and CaF2 thermol umi nescent dosimeters were used t o  
calculate the distance from the anode plane t o  the sample elements 
for the desired dose rate .  
The isodose contours presented i n  Figure 7A were primari ly 
obtained w i t h  a charge voltage of 70 kilovolts , an anode-cathode 
gap of 28.5 cm with a 0.060-inch-thick tantal  urn bremsstrahl ung 
target.  The contours for  other normal configurations were 
equivalent within experimental accuracy; thus the plot was made 
w i t h  an arbi t rary scale  referenced t o  the dose a t  the  beam 
centerline on the anode plane. As indicated, the beam has 
approximate azimuthal s p e t r y .  
Absolute dose per  pu l se  can be approximated wi th  t h e  a i d  of 
F igure  7B. This  f i g u r e  graphs c r o s s  s e c t i o n s  o f  i sodose  contours  
a t  t h e  anode p lane  and p a r a l l e l  p lanes  a t  d i s t a n c e s  of 7 ,  30,  
and 100 cm from t h e  anode. The dose va lues  a r e  c h a r a c t e r i s t i c  
sf a pu l se  using 70 k i l o v o l t s  charging p o t e n t i a l ,  r e s u l t i n g  i n  
a peak tube  vo l t age  of 10.5 megavol ts. 
For t h e  two experiments ,  one r a d i a t i o n  a t  23OC, t h e  o t h e r  
thermoradia t ion  a t  105OC, a d i s t a n c e  of  12 inches  from t h e  anode 
p lane  was c a l c u l a t e d  t o  provide about  25 krad/per  pu l se  a t  the 
beam cen te r1  i ne. The sample elements  i n  t h e  temperature  chamber 
were confined t o  an a r ea  w i th in  t h r e e  inches  of the beam c e n t e r -  
l i n e  wi th  a d i s t a n c e  v a r i a t i o n  along the beam c e n t e r l i n e  o f  about  
one inch.  S i l v e r  phosphate and c o b a l t  g l a s s  dos imeters  were used 
t o  check t h e  dose r a t e .  After a t o t a l  o f  25 pu l se s  f o r  the two 
experiments ,  t h e  results o f  the dosimetry count  i nd i ca t ed  an 
average o f  17.9 krads /pu lse .  
The r e s u l t s  o f  the X-radiat ion experiment a t  room tempera ture  
is  shown i n  Figure 8 and i s  compared t o  previous - B.  s u b t i l i s  
experiments  using cobal t -60 a t  lower dose r a t e s .  A c l e a r  dose 
r a t e  e f f e c t  is ev iden t  from t h e s e  d a t a .  
Figure 9 is a comparison of  t h e m o r a d i a t i o n  us ing  X-ray wi th  
dry hea t  a t  105OC and X-radiation a t  room temperature .  I t  was 
i n t e r e s t i n g  t o  no te  the high degree of synergism and a l s o  t h e  
r e s u l t a n t  D-value o f  1.2 hours.  Previous t h e m o r a d i a t i o n  experiments 
w i t h  - B. s u b t i l  i s  a t  the same hourly dose (18  krads cobal t -60)  and 
a t  105OC r e s u l t e d  i n  a D-value o f  1.00 hours.  
Table 1 
SUMMARY OF EXPERIMENTS ON 
NATURALLY OCCURRING "ORES IN SOIL 
Date 
-
2/1 
3/8 
Temp. 
125°C Dry Heat 
125°C Dry Heat 
125°C Themoradiat ion 
125°C Thermoradiation 
125°C Themoradiat ion 
1 2S°C Themoradiat ion 
125OC Themoradiat i  on 
125°C Themoradi a t i  on 
125OC Themoradiat ion 
RH 
- 
Room 
30% 
30% 
30% 
41 % 
41 % 
30% 
30% 
30% 
Dose Rate 
- 
- 
77 krads/hr. 
77 krads/hr . 
77 krads/hr. 
77 krads/hr . 
25 krads/hr. 
77 krads/hr . 
77 krads/hr. 
Substrate 
Foi  1 
Foi 1 
Foi 1 
Foi 1 
SS Coupon 
SS Coupon 
Foi 1 
Foi 1 
Foi 1 
D-Val ue 
20.3 hrs .  
29.4 hrs  . Sandia/PHS 
1.3 hrs.  
1.3 hrs.  
1.2 hrs.  Sandia/PHS 
1.2 hrs.  Sandia/PHS 
2.6 hrs .  
1.02 krs.  Sandia/PHS 
0.99 hrs. Sandia/PHS 
DRY HEAT INACTIVATION 
D = 101.54 HRS 
e 
OF NATURALLY OCCURRING 
SPORES AT 105°C 
lPHS PHOENIX STOCK) 
TIME, HOURS @ 1 0 5 ' ~  1113171 
Figure 1 
RADIATION DOSE, KRADS 
23 46 69 92 115 138 161 184 
THERMORAD IATION INACTI VATION 
OF NATURALLY OCCURR ING 
SPORES IN SOIL AT 
1 0 5 " ~ ,  23 KRADSlHR 
(PHS PHOENIX STOCK) 
TIME, HOURS @ 1 0 5 " ~  
F igure  2 
DRY HEAT INACTIVATION 
OF NATURALLY OCCURRING 
SPORES IN  SOIL AT 1 2 5 ' ~  
(PHS PHOENIX STOCK) 
4 8 IT 16 20 24 28 32 36 
TIME, HOURS @ 1 2 5 ' ~ '  
3/18/71 
Fiqure 3 
RADIATION DOSE, KRADS 
18 36 54 72 90  108 126 14 162 
THERMORAD I A T I  ON I NACTI VAT! ON 
OF NATURALLY OCCURR l NG SPORES 
I N  S O I L  AT 1 2 5 ' ~  54 KRADSlHW 
(PI-IS PHOEN IX  STOCK) 
1 02 
\ D = 1.04 MRS 
TIME, MINUTES @ 1 2 5 ' ~  
F i g u r e  4 
RADIATION DOSE,' KRADS 
THERMORAD IATION INACTIVATION 
OF NATURALLY OCCURRING SPORES 
I N  SOIL AT 125OC, 18 KRADSIHR 
(PHs PHOENIX STOCK) 
TIME, MINUTES @ 1 2 5 ' ~  2/23/71 
Figure 5 
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Figure 6 
Figure 7A.  Isodose Contours 
DISTANCE OFF CENTERLINE (CM) 
Figure 7B. Dose Per Pulse at Various Positions 
for 10.5 MV Peak Tube Voltage 
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Figure  8 
RADIATION DOSE, KRADS 
Themorad ia t ion  Modeling 
A. Descr ipt ion.  As repor ted  i n  QR-19, an improved model f o r  Lhermo- 
r a d i a t i o n  i n a c t i v a t i o n  has been developed. This model i s  %ti 1 "based 
upon being ab le  t o  represent  t h e  expected s u r v i v i n g  popul a t i  on 
E[N(t)] o f  any b i o l o g i c a l  system exposed t o  t h e m o r a d i a t i o n  by 
where N(o) i s  t h e  i n i t i a l  v i a b l e  popu la t ion  and k i s  t h e  composite 
i n a c t i v a t i o n  r a t e  parameter. The parameter k may a l so  be expressed 
as 
where kT i s  t h e  i n a c t i v a t i o n  r a t e  parameter f o r  heat alone, kR i s  a 
temperature independent i n a c t i v a t i o n  r a t e  parameter f o r  d i r e c t  
r a d i a t i o n  e f f e c t s  such as bond breakage, and kTR i s  the  tempera'twre 
dependent i n a c t i v a t i o n  r a t e  parameter represent ing  f r e e  radical e f f e c t s ,  
The general forms o f  these r a t e  parameters f o r  any b i o l o g i c a l  system 
are  
and 
A d e t a i l e d  d i s cus s ion  on progress  toward b a s i c  understanding of  t h e s e  
terms is given elsewhere i n  t h i s  q u a r t e r l y  r e p o r t .  
B, The use o f  t h e  t h r e e  term model o f  Equation 1  provides  a  
s imple  v e h i c l e  f o r  both t h e  explana t ion  o f  t h e  e x i s t e n c e  o f  s y n e r g i s t i c  
i n a c t i v a t i o n  and f o r  t h e  development o f  a  scheme f o r  opt imizing the 
temperature  and/or  dose r a t e  s e l e c t e d  f o r  t h e m o r a d i a t i o n  steri 1 i z a t i  on. 
If an i n i t i a l  popula t ion  N(o) is t r e a t e d  w i t h  hea t  a lone  f o r  t ,  
units o f  time, t h e  expected su rv iv ing  popula t ion  is 
I f  this s u r v i v i n g  popula t ion  is then t r e a t e d  w i t h  r a d i a t i o n  a t  a  low 
ambient tempera ture ,  both kT and kTR a r e  approximately z e r o ,  and t h e  
f i n a l  su rv iv ing  popula t ion  a f t e r  the second t rea tment  of  tl u n i t s  o f  
time is 
The previous expression describes the surviving popul a t i  on of a 
sequential heat and radiation treatment and i s  identical t o  the results 
whlch would be obtained by adding the inactivations due t o  heat a1 one 
and radiation a t  a low ambient temperature on a semilog inactivation 
plot. If the biological sample i s  heated and irradiated simul tanesusly , 
the surviving population af ter  tl units of time i s  
Comparing Equation 8 with Equation 7 shows t h a t  the combined i n a c t i v a t l ~ n  
rate parameters of the additive heat and radiation environments wo~dld 
be kT + kR,  and the inactivation rate parameter of the themoradiatjon 
environment would be kT + k R  + kTR. Therefore, the difference between 
these two rate parameters provides a measure of the absolute synergism 
involved in the inactivation process. T h i s  difference i s  kTR; and 
therefore, the synergism which i s  present i s  the direct result of the 
temperature dependent free radical inactivation process. Since the  
magnitude of kTR increases for increases in either temperature or 
radiation dose rate,  the magnitude of the absolute synergism prese~t 
also increases for higher temperatures and/or dose rates. However, 
i t  has been generally observed that the magnitude of kT increases 2'. 
a faster  rate w i t h  increases i n  temperature than does kTR and t h a t  
the magnitude of k R  increases a t  a faster  rate with increases i n  dcse 
rate than does kTr Therefore, a t  some temperature and/or r a d i a t i o t ~  
dose r a t e  the  magnitude o f  kT and/or kR becomes l a r g e  compared w i t h  
'TR' and the re  i s  no apparent d i f f e r e n c e  between r e s u l t s  obtained w i t h  
the  a d d i t i v e  cond i t ions  and w i t h  themorad ia t i on .  This fac t  d i r e c t l y  
imp l i es  t h a t  t he re  e x i s t s  optimum cond i t ions  o f  temperature and/or 
r a d i a t i o n  dose r a t e  f o r  thermoradiat ion synergism. 
One means f o r  op t im iz ing  the  s y n e r g i s t i c  i n a c t i v a t i o n  process i s  
t o  maximize t h e  i n a c t i v a t i o n  r a t e  o f  t he  t h e m o r a d i  a t i  on envi ronment 
 relative t o  t h a t  obtained us ing  sequent ia l  heat and r a d i a t i o n .  This 
i n  e f f e c t  maximizes t h e  i n a c t i v a t i o n  r e s u l t s  o f  t he  t h e m o r a d i a t i o n  
environment re1 a t i  ve t o  t h a t  o f  t h e  two separate environments. F ind ing 
the  maximum o f  t h e  r a t i o  
accomplishes t h i s  purpose and i s  equ iva lent  t o  f i n d i n g  t h e  maximum o f  
Lhe r a t i o  
Uslng experimental data a t  a  f i x e d  temperature, t he  maximum o f  t h e  
r a t i o  i n  Equation 10 may be found by p l o t t i n g  the ,  value o f  t he  r a t i o  
as a funct ion o f  r a d i a t i o n  dose r a t e .  Typical  r e s u l t s  may be found 
i n  Figure 10. The estimative character of Figure 10 should be 
emphasized. The value of the r a t i o  kTR/(kT + kR) is extremely 
sensi t ive t o  small variations i n  some parameter values. For example, 
comparison of the 105OC curve w i t h  data shows excellent agreement w j t h  
data points shown as c i rc les  based on a 4.2 hour D-val ue in dry Pleat 
b u t  not with data points shown as squares f o r  a 3.7 hour dry  heat  
D-val ue, both values within the range commonly experienced, A s i m i  1 ar 
sens i t iv i ty  ex is t s  t o  measurement of dose ra te  (which i s  only accurate 
t o  about 20%). Thus care should be taken in interpreting Figure 10 
as indicative of an absol ute expression of optimal synergism, Rather 
i t  should be taken as indicative of a general type of behavior, 
The same procedure may also be carried out t o  find t h e  optimum 
temperature when given a fixed dose ra te .  
On an analytical basis ,  the r a t i o  of Equation 10 may be maximized 
by subst i tut ing the forms of Equations 3 ,  4 and 5 into Equat ion 50 and 
by se t t ing  the part ia l  derivatives of the r a t io  with respect t o  
temperature T and/or dose r a t e  rd equal to  zero. Following this pro- 
cedure with a fixed dose r a t e ,  the value of temperature T w h i c h  ~ rov ides  
the maximum re la t ive  synergism is  the solution to  the equation 
For a f i x e d  temperature T which i s  g rea te r  than 6, t h e  r a d i a t i o n  
dose r a t e  rd which maximizes t h e  r e l a t i v e  synergism i s  t h e  s o l u t i o n  
t o  the  equat ion 
The value o f  rd i n  Equation 12 may be found o u t r i g h t  f o r  a g iven value 
o f  T, and t h e  value o f  T i n  Equation 11 may be Pound using numerical 
p l o t t i n g  techniques f o r  a g iven value o f  rd. Both Equations 11 and 12 
show t h a t  i f  e i t h e r  t h e  temperature o r  t h e  dose r a t e  i s  increased from 
some opt imal cond i t ion ,  then t h e  o ther  parameter must a l so  be increased 
t o  provide t h e  maximum r e l a t i v e  synergism f o r  t h e  new cond i t ion .  

kchani  sm Studi es in Thermoradi at3 on Inacti vat3 on 
A. Description. Quarterly Report 19 described research efforets con- 
cerned w i t h  understanding thermoradiation phenmenon through ana lys is  
of thermoradiation effects  on biological systems. Specifically,  a 
study of the inactivation of T4 bacteriophage, a double stranded DNIi 
v9rus , by thermoradiation yielded a three term model which success f~~l  Ty 
described the inactivation process. T h i s  model described t he  ra te  o f  
inactivation as 
In th i s  analysis,  kT i s  the thermal inactivation r a t e  parameter, kR 
is the temperature independent radiation inactivation rate  parameter 
associated with bond breakage or other point defects in the cs. i t ical  
substrate resulting from the action of ionizing radiation, and  kTR is 
the temperature dependent inactivation ra te  for  a chemical process 
sponsored by the action of the radiation. I f  a biological en t i ty  i s  
placed i n  a composite heat and radiation inactivating environment 
(thermoradiation), the three parameters, kT, kR and kTR will  all 1 
contribute to  the overall inactivation r a t e  & Q Equati on 1 ) . Si m i  1 ar"i y , 
i n  a heat or  radiation environment alone the only parameters c o n t r i b d t i n q  
t o  k would be kT or kR respectively. 
The u t i l i t y  of the three term model i n  analyzing the thermoradiatio? 
inactivation phenomenon should be stressed. For example, three c h a r x -  
t e r i s t i c  properties of thermoradiation are  described by the model: 
The i n a c t i v a t i o n  o f  b io log i ca l  systems by t h e m o r a d i a t i o n  is 
s y n e r g i s t i c  i n  na ture .  S y n e r g i s t i c  i n a c t i v a t i o n  means t h a t  t h e  
combined a p p l i c a t i o n  o f  h e a t  and i oniz ing  r a d i a t i o n  w i  11 provide 
a g r e a t e r  degree of  i n a c t i v a t i o n  i n  a  given time per iod  than  the 
sknn of  t h e  i n a c t i v a t i o n  l e v e l s  achieved by hea t  and r a d i a t i o n  
a c t i n g  s e p a r a t e l y  over  t h e  same time per iod .  The exposure o f  
biosyskems t o  a  thermoradia t ion  environment r e s u l t s  i n  such a  
s y n e r g i s t i c ,  i .e. , non-addi t i v e ,  i n a c t i v a t i o n  response.  The sum 
of  the kT and k R  parameters is l e s s  than  the o v e r a l l  i n a c t i v a t i o n  
r a t e  parameter k ;  and t h e r e f o r e ,  an a d d i t i o n a l  i n a c t i v a t i o n  
parameter ,  kTR, was def ined  which s e r v e s  t o  r e p r e s e n t  t h e  t h e m o -  
r a d i a t i o n  component providing f o r  this s y n e r g i s t i c  i n a c t i v a t i o n .  
The i n a c t i v a t i o n  r a t e  parameters ,  k ,  kT and k R  a r e  obtained exper-  
imen ta l l y  by t a k i n g  t h e  nega t ive  s l o p e  o f  the a p p r o p r i a t e  s u r v i v o r  
curve ,  Figure 11 , while the va lue  f o r  kTR may be d e t e m i n e d  by 
s u b t r a c t i n g  the sum o f  kT and k R  from k. A r a t i o n a l  b a s i s  f o r  the 
k~~ term was given i n  SC-RR-70-203. 
A second f e a t u r e  o f  t h e m o r a d i a t i o n  i n a c t i v a t i o n  is t h a t  the rad io-  
s e n s i t i v i t y  sf the b io log ica l  system v a r i e s  w i t h  t empera ture .  
Figure 12 i l l u s t r a t e s  this phenomena f o r  T4 bac te r iophage  and shows 
t h a t  a s  the temperature  dur ing  i r r a d i a t i o n  is i n c r e a s e d ,  the r a t e  
o f  i n a c t i v a t i o n  a l s o  i nc reases .  The i n c r e a s e  i n  the c m p o s i t e  
t h e m o r a d i a t i o n  parameter k is only p a r t i a l l y  due t o  the c o n t r i b u t i o n  
from the thermal i n a c t i v a t i o n  term kT. The balance o f  the i n c r e a s e  
i n  k is defined by the increase in the parameter kTR as the 
temperature is increased. The thermal inactivation properties of 
the biological system under study will  determine the vagn.g"lude of  
the contribution of kT t o  the increase i n  k w i t h  temperature. The  
k R  parameter is a temperature independent parameter and will  make 
no contribution t o  the increasing value of k w i t h  t empera t~re ,  
3. Detailed studies on the inactivation of - B. s u b t i l i s  spores 
(SC-RR-70-423) by themoradi ation have indicated a third chasaetesisti c 
of thermoradiation. The degree of synergism and hence t he  magni tude  
of the kTR r a t e  parameter is apparently a nonlinear f u n c t i o n  of  the  
radiation dose rate .  More limited studies oc the e f fec t  o+ dose 
r a t e  on T4 bacteriophage inactivation (QR-19) also exhibit this 
phenomenon. Verification of the general nature of th i s  response 
t o  thermoradiation must await more complete study of dose r a t e  
effects  on the themoradiation inactivation of general b io log i ca l  
sys tems . 
Therefore, i t  appears that  the e f fec t  of thermoradiatjon an 
biological systems can be characterized by synergism, by a temperature 
dependent radiosensi t i v i  t y  , and, tentat ively by a nonl inear dependency 
of the kTR parameter on radiation dose ra te .  Each of these a t t r ibdtes  
is  germane to  defining the extent of biological inactivation caused 
by exposure t o  thermoradiation and each has been successfully 
incorporated in to  the analytical three term model which describes 
the thermoradiation inactivation process. T h i s  quarter ,  o u r  research 
e f fo r t s  were concerned w i t h  more formal ly  structuring these ideas 
and r e l a t i n g  such ideas t o  a  general scheme i n v o l v i n g  t h e  i n -  
a c t i v a t i o n  o f  b i  o l  og i ca l  systems by themorad ia t i on .  Such con- 
s ide ra t i ons  have g iven i n s i g h t  i n t o  t h e  mechanist ic bas is  f o r  
t h e  i n a c t i v a t i o n  o f  b i o l o g i c a l  e n t i  t i e s  by themorad ia t i on .  
B e  , The r a t e  o f  i n a c t i v a t i o n  o f  b i o l o g i c a l  systems by heat 
and/or i o n i z i n g  r a d i a t i o n  may be described by t h e  th ree  term model 
whlch has been defined i n  Equation 1  as k  = kT + kR + kTr Consider 
f i r s t  kT as one o f  t h e  r a t e  parameters invo lved i n  the  composite 
thermoradi a t i  on i n a c t i  v a t i  on process. I f  t h e  semi 1  og s u r v i v a l  p l o t s  
for b i o l o g i c a l  systems exposed t o  thermal i n a c t i v a t i o n  are l i n e a r  
(F igure  l l ) ,  t h e  expected populat ion,  E (P( t ) ) ,  as a  f u n c t i o n  o f  t ime, 
t, may be represented by t h e  expression 
where P(0) represents the  i n i t i a l  v i a b l e  popu la t ion  and kT i s  t h e  
i n a c t i v a t i o n  r a t e  parameter f o r  thermal i n a c t i v a t i o n .  The parameter 
kT character izes a  f i r s t  order  physico-chemical i n a c t i v a t i o n  process 
which may be f u r t h e r  described by Ey r ing ' s  fo rmula t ion  o f  
The terms k ,  h, and R r e f e r  t o  Bol tzmann's constant, Planck 's  constant  
and .the gas constant  respec t i ve l y ,  w h i l e  T i s  t h e  Ke lv in  temperature. 
The change i n  f ree energy, nFf, may be described by 
f f where AH is t he  act ivat ion enthalpy and AS the  act ivat ion entropy,  
This analysis  of composite thermal and i oni zing radi a t i  on i nact i  v a t l  on 
assumes t h a t  kT is a  function only of temperature and t h a t  i t  has the 
same value w i t h  o r  without any incident radia t ion.  T h i s  themsal 
inact ivat ion r a t e  parameter as discussed previously (SC-RR-78--439, 
SC-RR-67-256) is thought t o  represent the  denaturation o f  some c r i t i c a l  
subs t ra te  w i t h i n  the  biological system. 
A second inact ivat ion r a t e  component present i n  the  c m p o s i  t e  
environment is considered t o  be due t o  bond breakage w i t h i n  a c r i t i c a l  
subs t ra te  o f  the  biological system. The reaction r a t e  parameter, iR, 
associated w i t h  this bond breakage i s  characterized as a temperature 
dependent term which is re la ted t o  the  radiat ion dose r a t e ,  rd. i n  
a  l i nea r  manner. This re la t ionship  may be expressed as 
where C is a  constant of proportionali ty f o r  any given system and i s  
equivalent t o  l/D3,. D37 is  t he  radia t ion dose required t o  i n a c t i v a t e  
63% of a  biological population. This analyt ical  de f in i t ion  o f  the 
r a t e  parameter k R  i s  equivalent t o  the  basic postulate o f  target  
theory i n  t h a t  each holds t h a t  the  re lease  of s u f f i c i e n t  energy w i t h i n  
a  c r i t i c a l  subs t ra te  by a  s ing le  pa r t i c l e  o r  photon can result i n  t he  
loss  of function fo r  a  biological system. The formal resemblance 
between the kR parameter and target  theory can be verified experimentally 
since b o t h  would predict a  d i rec t  relationship between the c r i t i c a l  
substrate content, e.g. , nucleic acid content, and the radiation 
sens i t iv i ty  of biological systems. A pattern of quantitative 
re% ationships has been obtained over the years between nucleic acid 
content and radiation sens i t iv i ty  of viruses,  bacteria,  and ce l l s  of 
mammalian and plant systems. T h i s  relationship has been used in 
support and just i f icat ion of target  theory. Similarly, Table I shows 
t h a t  the magnitude of the parameter C contained in kR,  Equation 5 ,  
i s  di rec t ly  related t o  the molecular weight of the nucleic acid present 
i n  the various bi ol ogi cal systems. The formal and experimental resernbl ance 
between ta rge t  theory and the kR parameter suggests that  the kR parameter 
can be identified as a  term which exhibits those radiobiological a t t r ibutes  
w i t h  target  theory. The advantage of identifying kR as a  target  theory 
term l i e s  i n  the f ac t  that  kR i s  b u t  one of the parameters which define 
the response of biological systems t o  heat and/or ionizing radiation 
(Equation 1 ). Therefore, the inactivation of a  biosystem by heat,  
radiation, or  thewnoradiation can be successfully described by the 
three term model, and the e f fec t  of temperature i n  defining the radio- 
sens i t iv i ty  of biological systems can be accomnodated within this new 
framework. A major limitation of target  theory has been this very 
i nabi 1 i  ty to  account fo r  the temperature dependent radi osensi ti vi ty 
exhibited by biosystems. Target theory can then be considered t o  
be a limiting case of the more general three term model i n  which only 
di rec t  radiation effects  (described by kR) influence b i  ol og i  ca? 
survival. Hence, the separation and ident i f icat ion of the 
parameters which inf l  uence radiation induced inactivation produces 
an extension of target  theory and an improvement in inactivation 
predictions i n  many f ie lds .  The functional expression which re1 a ted  
C ,  Equation 5,  t o  the nucleic acid content of biosystems r a n g i n g  i n  
6 s i z e  from tha t  of the virus fi174 (2.10 Dal tons) t o  HeLa cel Is  
(2.10'~ Daltons) is  
where 6.1 i s  the nucleic acid molecular weight i n  Daltons. The 
constants in this expression f o r  C were obtained by f i t t i n g  the  
expressed form to the data i n  Table I using a leas t  squares norm, 
The coefficient of correlation of th i s  f i t  is 0.932. This degree of  
correlation suggests tha t  the approximate radiation sens i t iv i t i e s  of 
practically any s i ze  biological -nt i ty  may be predicted on t h e  bas i s  
of Equations 5 and 6 from the i r  nucleic acid molecular weight, 
Conversely, for  any given experimental value of C the approximate 
molecular weight of the nucleic acid present i n  the system under 
investigation may be determined. Figure 13 i l l  ustrates the re1 a t i o n -  
ship between the experimentally determined values of C and the 
molecular weights of the corresponding nucleic acids fo r  48 
biological en t i t i e s .  The sca t t e r  i n  these points about the fitt .ed 
l ine  of Equation 6 can be attributed t o  a variation in the experimental 
cond i t i ons  and procedures used i n  determin inq bo th  t h e  r a t e  o f  
r a d i  a t i  on i n a c t i  v a t i  on and t h e  n u c l e i c  a c i d  molecular  weights. 
S p e c i f i c a l l y ,  t h e  v a r i a t i o n  i n  t h e  energy o f  t h e  r a d i a t i o n  used i n  
these experiments, t h e  accuracy o f  dosimetry i n  d e f i n i n g  t h e  D37 
dose, v a r i a t i o n s  i n  t e s t  temperatures, d i f f e r e n t  sample environments 
du r ing  i r r a d i a t i o n  and t h e  d i f f i c u l t i e s  i n  e s t a b l i s h i n g  a  d e f i n i  L i v e  
molecular  weight  f o r  t h e  e a s i l y  sheared n u c l e i  c  a c i d  polymers would 
a17 c o n t r i b u t e  t o  a  randomizat ion o f  data about t h i s  p red i c ted  
norm. The c o n t r i b u t i o n  o f  r e p a i r  phenomena t o  t h i s  randomizat ion o f  
da ta  i s  i n d i c a t e d  by  t h e  v a r i a t i o n  i n  t h e  values o f  C f o r  -- E. c o l i  
and t h e  r a d i o r e s i s t a n t  s t r a i n  -- E. c o l i  B / r .  The rad io res i s tance  
e x h i b i t e d  by -- E. c o l i  B / r  i s  a t t r i b u t e d  t o  t h e  presence o f  r e p a i r  
enzjme complexes w i t h i n  t h i s  s t r a i n .  
The d i r e c t  re1 a t i  onship between rad iosens i  t i  v i  t y  , C, and nuc le i c  
acid molecular  weight  prov ides s t rong  evidence f o r  t h e  des ignat ion  
o f  n u c l e i c  a c i d  as the  c r i t i c a l  subs t ra te  o r  t a r g e t  being a f fec ted  
d u r i n g  r a d i a t i o n  induced i n a c t i v a t i o n  ( k R ) ,  e s p e c i a l l y  s ince  the  
r e l a t i o n s h i p  i s  evidenced over such a l a r g e  and d i ve rse  range o f  
b i o l o g i c a l  e n t i  t i e s  i r r a d i a t e d  under d i f f e r e n t  environmental 
cond i t i ons  (wet versus dry ,  vacuum versus oxygen). F igure  13 a l so  
reveals a  unique grouping o f  b i o l o g i c a l  systems which r e s u l t s  from 
the cons t ra i  n t s  o f  r a d i  osensi t i  v i  t y  and n u c l e i  c  a c i d  molecular  
weight. The o rde r ing  o f  t h e  groups r e l a t i v e  t o  b,oth i nc reas ing  
n u c l e i  c ac i  d content  and i ncreasi  ng rad iosens i  t i  v i  t y  i s  : s ing1 e  
s trawd DNA and RNA v i ruses ,  animal and b a c t e r i a l  v i ruses ,  b a c t e r i a  
and yeasts,  and ve r teb ra te  c e l l s .  S i m i l a r  c o r r e l a t i o n s  between 
*!. g 
bi ologi cal complexity and radi osensi t i  vi ty have been reported, b u t  
these reports have emphasized the individual and dist inct  characterx 
of these biological groupings. Figure 13 i l l  ustrates t h a t  rather t h a n  
being dist inct  and apart these groups form a continuum of b i o l o g i c a l  
systems whose nucleic acid content defines n o t  only their b i o l o g i c a l  
niche b u t  also their  relative radiosensitivity. 
Thus f a r  the discussion of inactivation by radiation has been 
restricted to  chain scission or bond breaking phenomena caused by 
sufficiently energetic radiations ( k R )  Another radiation mechanism 
resulting in biological inactivation i s  t h a t  due t o  the fornation 
of chemically reactive free radicals by ionizing .radiations. 
The third inactivation rate parameter, kTR, considers the r e a c t i o n  or 
intervention of free radical species i n  biological inactivation, The 
dose rate dependence may be t h o u g h t  of as stemming from the dependence 
of the concentration of free radicals on the dose ra te ,  and the  
temperature dependence i s  present due to the effect of temperature 9 n  
the rate a t  w h i c h  the dominant radicals react with the cri t ical  
substrate. An expression which has been found t o  accurately represent 
kTR for dry spores ( Q R  18) as we1 1 as bacteriophage ( Q R  19)  i s  
where a, 6, and Y are  constants and A# i s  de f ined by 
A l i s t i n g  o f  t h e  parameters which d e f i n e  t h e  temperature dependent 
rad iosens i  ti v i  t y  term, kTR, f o r  each b i o l o g i c a l  system f o r  which 
thermorad ia t ion  data cou ld  be obta ined i s  presented i n  Table 11. 
The statement t h a t  b i o l o g i c a l  systems e x h i b i t  a s y n e r g i s t i c  
i n a c t i v a t i o n  response t o  thermorad ia t ion  i s  equ iva len t  t o  s t a t i n g  
t h a t  b i o l o g i c a l  systems e x h i b i t  a temperature dependent radiosensi  ti v i  ty. 
The i n a c t i v a t i o n  parameters of Equations 3, 5 and 7 serve t o  e s t a b l i s h  
the  experimental  cond i t i ons  under which a temperature dependent 
rad iosens i  t i  v i  t y  i s  observed f o r  a g iven b i o l o g i c a l  system. The 
i n t e r - r e l a t i o n s h i p  between kT, kR, and kTR i n  d e f i n i n g  k i s  i l l u s t r a t e d  
i n  F igure  14 f o r  a g iven b i o l o g i c a l  system. No temperature dependent 
r a d i o s e n s i t i v i t y  would be observed f o r  t h i s  .system a t  temperatures 
below 55OC. Th is  i s  t r u e  because the  kT and kTR i n a c t i v a t i o n  
parameters a re  e s s e n t i a l l y  zero below approximately 50°C. A1 t e r n a t e l y  , 
f o r  temperatures above 135OC t h e  kT term i n  t h e  expression f o r  k would 
completely dominate t h e  kTR parameter s ince  k,. i s  becoming l a r g e r  a t  
a much f a s t e r  r a t e  than i s  kTR w i t h  increases i n  temperature. It i s  
predicted, therefore,  t ha t  studies on the radiosensit ivity of t h i s  
biosystem a t  temperatures above 135OC would also reveal no apparent 
synergism since the kTR term would simply be los t  i n  the experimental 
noise when trying t o  determine i t  from the expression 
A1 though the absolute synergism exis t s  over the en t i r e  temperature 
range, i t  i s  only within a c r i t i c a l  temperature range tha t  a temperature 
dependent radiosensi ti v i  ty  can be observed fo r  any gi ven b io l  s g i  ca7 
system. Reports in the l i t e ra tu re  tha t  the target  sens i t iv i ty  o f  
8x774 virus i s  independent of temperature is not in conf l ic t  with 
other findings tha t  8x174 virus shows a temperature dependent sadie- 
sens i t iv i ty  when one considers the temperature ranges employed -i n 
these studies (-180 t o  +30°C versus -196 t o  -160°C). Other examples 
o f  where an understanding of the interrelationship between kT, kR ,  
and kTR i n  defining k can serve t o  c l a r i fy  inconsistent or apparently 
contradictory experimental resul ts  may be given. Thus, there i s  now 
an explanation f o r  the observation that  the apparent target  volumes 
for  trypsin determined from target  theory analysis differed by a 
factor  of 1 2 dependi ng on the sample temperature during i rradi a t i  on, 
The uniformity of the response of biosystems t o  thennoradiation 
is fur ther  reflected in the character is t ic  temperature dependent 
radiosensi t i  vi ty  exhibited by biological systems. A graphic i 1 l ustratkon 
of th i s  point i s  made in Figure 15 where plots o f  kTR as a f unc t ion  of 
temperature are  presented f o r  var ious types o f  systems ranging from 
OX174 v i r u s  t o  HeLa c e l l s .  No t i ce  t h a t  t he re  i s  a g rea t  d i f fe rence 
between the  temperature dependences o f  t h e  radiosensi  t i v i  t i e s  o f  t h e  
wet  and d r y  systems. F igure  15 a l s o  s h w s  t h a t  t h e  placement o f  t h e  
'TR curves r e l a t i v e  t o  a temperature range i s  genera l l y  dependent on 
t h e  nuc le i  c a c i d  content  o f  t h e  system, i .e. , the  HeLa c e l l s  have a 
non-zero kTR a t  a much lower temperature than do t h e  v i ruses.  Another 
fac tor  a f f e c t i n g  the  r e l a t i v e  order  of t h e  kTR curves i s  t h e  dose 
rate o f  t h e  r a d i a t i o n  used. As t h e  r a d i a t i o n  dose r a t e  i s  increased 
the value o f  AH i n  Equation 9 decreases. Decreasing t h e  value o f  ~a 
tends t o  both decrease t h e  s lope o f  t he  kTR curve and t o  move i t  t o  
the l e f t  along t h e  temperature sca le  of F igure 15. I f  a1 l experiments 
had been run w i t h  a common dose r a t e ,  the  groupings o f  t h e  kTR 
curves would have been much more d i s t i n c t .  
I n  summary," e f f o r t s  t h i s  quar te r  have y i e l d e d  a more complete 
understanding o f  t h e  th ree  term model. The parameters which c o n s t i t u t e  
this model have been i n d i v i d u a l l y  s tud ied  and c e r t a i n  c h a r a c t e r i s t i c s  
o f  these parameters have been i d e n t i f i e d .  The i n t e r r e l a t i o n  between 
the  parameters have a l so  been subjected t o  i n q u i r y  . Such i n t e r a c t i  ons 
have been found t o  be o f  major importance i n  both the  experimental 
observat ion o f  a s y n e r g i s t i c  e f f e c t  and t h e  op t im iza t i on  o f  a 
* 
The in fo rmat ion  presented i n  t h i s  sec t i on  o f  the, q u a r t e r l y  has been 
submitted f o r  pub1 i c a t i  on. 
synerg is t i c  response f o r  given condi t ions o f  tmpe ra tu re  or radiation 
dose ra te .  The successful analysis o f  thermoradiat ion i s  considered 
t o  be o f  major importance i n  understanding themorad ia t ion  
i nac t i  v a t i  on phenomena. 
An equal ly  important r e s u l t  o f  t h i s  quar ter 's  research has been 
the rea l  i zat ion t h a t  apparently a1 1  b i  01 og ica l  systems respond t o  
themorad ia t ion  i n  a  synerg is t i c  manner. This observation has beep 
substantiated i n  t h i s  laboratory  by studies on l y s o z p e ,  T4 
bacteriophage, spores, and vegetat ive c e l l s  (E. c o l i  B.) .  All have 
-- 
shown a synerg is t i c  response t o  themorad ia t ion and a l l  have shown a 
temperature dependent radiosensi t i v i  t y .  A review o f  the ava i lab le  
1  i te ra tu re  shows t h i s  same synerg is t i c  response t o  thermoradiat ion 
(Table 11). The uniform response of b i o l og i ca l  systems - enzmes 
t o  human c e l l s  - t o  thermoradiat ion suggests t h a t  a  basic principle 
i n  radiobiology i s  being observed. The successful analysis s f  t h i s  
phenomena (Figures 12 and 15) ind icates a  comprehensive descsi pti on 
o f  t h i s  phenomenon has also been achieved through the three tern 
mode1 which generalizes c lass ica l  t a rge t  theory and provides a means 
o f  overcoming the  basic object ions t o  t h i s  theory. 
Also among the resu l t s  of t h i s  quar te r ' s  e f f o r t s  i s  the  
i d e n t i f i c a t i o n  o f  the c r i t i c a l  substrate f o r  the d i r e c t  e f f ec t s  of 
rad ia t ion  as being the nucleic ac id  component o f  a  given b i o l og i ca l  
system (Figure 13). That nuc le ic  ac id  i s  a lso a  c r i t i c a l  substrate 
( ta rge t )  when considering thermoradiat ion e f fec ts  i s  suggested by 
the grouping, i n  terms o f  nucl e i c  ac id  content, of various 
b i o l o g i c a l  e n t i t i e s  f o r  which data on t h e  v a r i a t i o n  i n  kTR w i t h  
temperature could be obtained (F igure  15) . 
F i  na l  l y  , expl ana t i  on o f  several  types o f  c o n f l i c t i n g  o r  
unexplained data  t h a t  occur i n  t h e  l i t e r a t u r e  has been provided. 
TABLE I 
Nucleic Acid Content and Radiosensitivity of Various Cells snd Virusee 
Entity ( I '  
Phage R17 
Tobacco Necrosie 
Tobacco Ringapot Virus 
Tomato khhy  Stunt Virus 
Phage 9x174 
Phage pX174 
Tobacco Mosaic Virus 
Fowl Plague 
Rous SarcOm. Virus 
Shope Papilloma Virus 
Phage BM 
Newcastle Disease Virus 
Newcastle Disease Virus 
Phage Alpha 
Phage T1 
Phage T1 
Phage 22 
Fnwe T ~ ( T I )  
Nucleic Acid 
Content 
(Dnltons) Code No. 
1 
Adenovirua, Type V 19 6.6 x lo7 
%age A 20 7 107 
Rlage Ft3 21 1.05 x lo8 
Phage R 
Phage T5 
Phase T4 
vaccinia Virus 25 1.56 x 10' 
Mplococcus Pneumoniae 26 1.2 x 19 
0. Subti l is  Mr .  niger 
Spores 27 
S. Typhimurium 
E. co l i  Strain B, R 
E. col i  Strain H 30 7.8 x 19 
E. col i  Strain B 
0. Aertrycke 
Micrococcus Pyogenea 
Mr .  Aureus 
Hauaophilus Iniluenzae 34 
S. Cerevisiae (Haploid) 35 
S. Cerevieiae (Haploid) 36 1.6 x lolo 
Aerobacter Aerogenes 37 
E. co l i  Strain F6 3a 
S. Cereviaiae (Diploid) 39 
( Triploid) 
(Tetraploid) 
( pentaploid) 
8.25 ,r lo-" 
0.14 
Chicken Prmbryo Cells 44 1.5 x low 
Mouse ( b n e  Harrow i n  Vivo) 45 3.9 x 1012 
Guinea F'ig 46 
MMan (Fibroblast) 47 
Hem 48 9.6 x lou 
(1 )  Data i n  Tables I and I1 a re  irm forty-two different l i t e ra tu re  sources. These source. are 
ident if ied i n  forthcming papere by v. L. ~ugan  urd R .  Truj i l lo .  
TABLE I1 
(Numbers i n  parenthesis denote references cited by V. L. Dugan and R. Truji l lo i n  papers subolitted for  publication) 
Factors and Parameters Defining Thennoradiation inactivation 
Entity 
- 
Radiation 
Conditions 
( -aS/hr) 
Physical 
Conditions 
@174 (9) 
Fkwcas t l e  
Disease 
Virus (11) 
lw, co60 j 291, co 60 
I 
Dry, Vacum / W e t  
245.45 
107416 
95 . lo 
63289.9 
% I 1 I 1  AS# 
(cal/deg mole) -6.33 o 1 208 I I 22.4 i 
I I 
- 
109.94 
69457.8 
- 
n (10) 
12.63 
33590 
16 .27 
11863.08 
9500 
91.4 
60238.2 
id 
(callmole) , 26763 / 30900 9- 
B. Subtilis var. 
Niger Spores 
(17,36,37) 
90.50 
55190.1 
0.2335 
1.51 x lo lo  
(92) 
b (12) 
25, x-ray 
Dry Wet 
- 
34.62 
20509.8 
30.6, co 60 
Dry 
6.62 
9.6 x l o  12 
(90) 
30.6, co 6O 
W e t  
0.0039 
l 
22.50 
17463.3 
Salmonella 
Typhimurium (18) 
0.045 
Nucleic Acid 
0.0043 
83.15 
53114.3 
%!R 
a 1 9.13 
0 .0227 
300, co 60 
Whole Egg 
6.61 x lo9 
(90) 
0.00618 
A# 
k~ 
Mol. Weight 
(=tons) 
C 0.0234 
S. Cerevisiae 
(Haploid) (20) 
6400.7 
0.00125 
I 
%La (22) 
24.9, X-ray 
W e t  
1.7 x 10 3.2 x lo7 
1.512, X-ray 
Wet 
3 . ~ 5 ~ 1 0 ~  
(90) 
TIME - HOURS 
Figure 11. The synerg is t i c  i n a c t i v a t i o n  o f  dry Bac i l l us  subtilis 
var. n i  ger  spores by thermoradiation ( @  - '905'C; 
A 36 Krads/hr; e simultaneous treatment '905°C and 
36 ~ r a d s / h r . ) .  The dashed l i n e  (----) represents a 
hypothet ical  curve which would be obtained i f  
i n a c t i v a t i o n  by combi ned heat  and r a d i a t i o n  were 
completely addi l i v e .  
ti- 
Q 
Clr: 
10.0 
9.0 
8.0 
1.0 
6.0 
- MODEL 
5.0 
4.0 
3.0 
2.0 
1.0 
I I I I I I I I I I I I I I I 
TEMPERATURE - OC 
F i g u r e  12. The tempera tu re  dependence o f  t h e  r a d i o s e n s i t i v i t y  
o f  T4 bac te r iophaqe  a t  3n.6 K r a d s l h r  qamna r a d i a t i o n .  
The c u r v e  th rough  t h e  d a t a  i s  d e r i v e d  f rom t h e  a p p l i c a t i o n  
o f  t h e  t h r e e  team i n a c t i v a t i o n  model (Equa t ion  1 ) .  
NUCLEIC AC l D MOLECULAR WEIGHT - DALTONS 
F iaure  11. The d i r e c t  r e l a t i o n s h i p  between t h e  r a d i a t i o n  senso" t i v i t y  
( C )  o f  a  wide ranqe o f  b i o l o g i c a l  systems and the i r  1nuc1e:c 
ac i d  molecular  weights  (s - RNA and s i n g l e  s t r a n d  DYA viruses ; 
- animal and b a c t e r i a l  v i ruses ;  A - b a c t e r i a  a n d  yeas t :  
+ - ve r t eb ra te  c e l l  s )  . 
TEMPERATURE - 'C 
Figure 14. The c o n t r i b u t i o n  of t h e  i n d i v i d u a l  i n a c t i v a t i o n  r a t e  
pa ramete r s  t o  the composi te  i n a c t i v a t i o n  pa ramete r  k 
f o r  B a c i l l u s  s u b t i l i s  v a r .  n i g e r  s p o r e s  i n  a  
t h e r m o r a d i a t i o n  environment  u t i l i z i n g  gamma r a d i a t i o n  
a t  30.6 Krads/hr .  

Fine Part ic le  Physics 
A. Description. T h i s  i s  a study of small par t ic le  behavior related to 
m i  crobi al burden of spacecraft surfaces pr ior  to  f i  nal s t e r i  13 za t l on ,  
Particles tha t  have highly res i s tan t  microorganisms attached t o  
them are of prime in t e res t  i n  this study. Slnce such part ic les  are 
very few in number compared t o  total  par t ic le  contamination, they are 
very d i f f i c u l t  t o  identify fo r  study. For th is  reason to ta l  pa r t i c l e  
contamination is being studied re la t ive  to  par t ic le  accumulation a ~ d  
retention on surfaces; as are  the t ransfer  mechanisms that  could 
cause these very res i s tan t  organisms t o  become deposited on space 
hardware. Only a small number of very hardy microorganism bea r ing  
par t ic les  would be expected t o  accumulate on a spacecraft d u r i n g  
assembly i n  a very clean area; however, one to  ten percent of the 
type of microorganism reported by Favero in USPHS Report No. 32 
dated January 1971 , could survive a 24-hour heat cycle a t  125"C, 
For this reason we believe that  a vigorous analysis of surface 
par t ic le  loading is a c r i t i c a l  facet  of the s t e r i l i za t ion  problem, 
B .  Progress. A ser ies  of experiments were s e t  up to  evaluate par t ic le  
accumulation on metal surfaces. T h i s  was done t o  deternine i f  
part ic les  deposited on a surface would reach a maximm level , 
"plateau," or  continue t o  build up indefinitely.  I f  a "plateau" 
does occur, a to ta l  spacecraft load would l ikely be much less i f  
an indefini te  build-up condition occurred, even i n  a class 180 
room. 
Two methods of p a r t i c l e  depos i t i on  were considered; f a l l o u t  as 
a r e s u l t  a$ a i rborne p a r t i c l e s ,  and p a r t i c l e s  deposited as a r e s u l t  
o f  contac t  w i t h  contami nated surfaces such as t o o l s ,  o the r  equip- 
ment, and people. Fa1 l o u t  p a r t i c l e s  from aerosol clouds were used 
for  these experiments. 
Dust c o l l e c t e d  from i n s i d e  b u i l d i n g s  was used as the  t e s t  
p a r t i c l e s .  The dust  was c o l l e c t e d  w i t h  vacuum cleaners and s ieved 
t o  a maximum s i z e  o f  140 microns. Th is  dust  should c l o s e l y  
approximate p a r t i c l e  contaminat ion found i n  c lean rooms except a t  
much lower concentrat ions. During t e s t s  t h e  dust  was disseminated 
i n t o  a t e s t  chamber o f  3.3 cu. ft. volume. A small  fan  was i n s t a l l e d  
i n  the  bottom of t h e  t e s t  chamber t o  mix t h e  t e s t  dus t  throughout 
the  chamber dur ing  experiments. One m l  , approximately 0.6 gm. , 
o f  t h e  t e s t  p a r t i c l e s  was disseminated i n t o  t h e  t e s t  chamber f o r  
each load per iod.  
H igh ly  pol ished metal s t r i p s  were used as c o l l e c t i n g  o r  t e s t  
surfaces. The t e s t  s t r i p s  were etched t o  prov ide  reference marking 
f o r  photographs. During experiments t h e  t e s t  s t r i p s  were located 
i n  the  upper p a r t  of t h e  t e s t  chamber t o  accumulate s e t t l e d  p a r t i c l e s .  
Test  s t r i p  loads were photographed w i t h  a dark f i e l d  microscope- 
camera system. P a r t i c l e s  are  s ized and counted manually by p l a c i n g  
the  t e s t  s t r i p  photographs under c a l i b r a t e d  g r i d s .  
Experiments cons is t  of load ing the  t e s t  s t r . i p  w i t h  s e t t l e d  
p a r t i c l e s .  One load cons is ts  of sub jec t i ng  t h e  t e s t  s t r i p  t o  an 
aerosol c loud o f  .6 gm o f  t h e  t e s t  dus t  f o r  a  pe r iod  o f  l:wo mdnutes. 
The loaded t e s t  s t r i p  was photographed a t  a  magn i f i ca t i on  of 99x on 
2 4  x  5 i n c h  f i  l m .  Th is  represented an area o f  1  .6/m on the t e s t  
s t r i p .  An average of 140 p a r t i c l e s  were c o l l e c t e d  per  load. i-oaded 
s l i d e s  were handled very c a r e f u l l y  t o  avoid l o s s  o f  p a r t i c l e s  due ko  
v i b r a t i o n ,  a i r  cur rents  o r  brush o f f .  Clean room a i  r was turned of f  
and the  s l i d e  was moved very s low ly  e i t h e r  i n t o  a  conta iner  t h a t  
could be closed, o r  loaded d i r e c t l y  i n t o  t h e  microscope. 
A p re l im ina ry  experiment was run i n  as near l y  a  s t a t i c  envl ron-  
mental cond i t i on  as possib le,  min imiz ing  a i r  currents,  v i b r a t i o n  
and movement o f  t e s t  s t r i p s .  This t e s t  consisted o f  a sequence o f  
" load and count" cyc les u n t i  1  almost complete cover ing  o f  the t e s t  
sur face w i t h  p a r t i c u l a t e  mat ter  occurred. Th is  experiment was done 
f o r  two reasons : 
1. Determine i f  t h e  load ing method and equipment a f fec ted  
surface p a r t i c l e s  du r ing  and a f t e r  c o l l e c t i o n ,  and  
2. i f  a  p a r t i c l e  load peak could be reached under s t a t i c  
cond i t ions .  
Results of t he  experiment showed (1) t h e  load ing method t o  be 
acceptable concerning load ing u n i f o r m i t y  and minimal d is turbance 
of c o l l e c t e d  sur face p a r t i c l e s  du r ing  load ing and (2)  a peak 
p a r t i c l e  l oad  d i d  n o t  occur w i t h i n  t h e  endpoint o f  t h i s  t e s t  which 
was t h e  maximum number o f  p a r t i c l e s  t h a t  could be counted, The 
f i n a l  p a r t i c l e  load was s imply a  t o t a l  o f  t h e  i n d i v i d u a l  loads*  
Th-1s confirmed the idea that i f  a plateau load could exis t ,  i t  could 
occur only i f  some removal mechanism or mechanisms removed as many 
particles as were collected a t  an equilibration or "plateau" con- 
ddtion. 
A seco~d series of experiments were se t  up to explore the pos- 
s ib i l  i t i e s  for "plateau" condi tions. The same procedures were used 
as for  the preliminary experiments described above except a nitrogen 
blowoff procedure was added. A t e s t  fixture was constructed t o  
accurately position the t es t  s t r i p  1/2 inch under an 1/8 inch 
diameter nozzle d u r i n g  "blowoff." Twenty psi dry nitrogen for a 
ten second period was used for the "blowoff"or particle removal 
mechanism. Test s t r ips  were loaded and retained i n  a closed con- 
tainer between "blowoff" - and - "load" periods a t  ambient laboratory 
humidity and temperature. The same tes t  s t r ips  were used throughout 
an experiment. 
The t e s t  procedure consisted of: 
1. Test s t r ips  were carefully cleaned. (Very careful 
cleaning i s  necessary since the dark f ield technique 
i s  sensitive to less than one micron size particle.) 
2. Test s t r ips  were loaded with the tes t  dust as described 
ear l ier  and held in the closed container between load and 
blowoff periods. 
3. A t  each t e s t  interval the t es t  s t r ips  were photographed a t  
90x before and after  blowoff. 
4. The t e s t  s t r ips  were loaded again imediately af ter  b l o w o f f  
and returned to the closed chamber for retention un t i  1 next 
t e s t  period. 
5. Data for this experiment was obtained by counting par t ic les  
recorded on the photographs. A calibrated g r i d  overlay was 
used for  particle sizing and counting. The etched test  
s t r i p  permitted the same area to be photographed for each 
t e s t  interval. W i t h  th is  technique, individual particles 
could be traced through a number of loadings and blowoffs, 
Results . 
Results of one experiment are shown i n  Figure 16, which is 
typical of the data obtained. A dist inct  plateau was reached i n  
approximately 30 hours; however, the effects of time appear t o  be 
related to the relative humidity i n  which the loaded tes t  s t r i p  i s  
stored. A t e s t  series i s  almost complete which shows such t h i s  
effect which will be described next reporting period. 
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Water A c t i v i t y  and Pressure Experimentation 
A. Descript ion. It i s  general ly  accepted t h a t  moisture has a pro- 
nounced e f f e c t  upon the surv iva l  o f  bac te r i a l  spores i n  a nminal l y  
l e t h a l  thermal environment. There i s ,  as ye t ,  no sa t i s f ac to r y  
explanation o f  t h i s  phenomenon, and hence no conf ident  means o f  
p red i c t i ng  i t s  s p e c i f i c  e f f ec t s  on the i n a c t i v a t i o n  o f  organi sims 
t h a t  might be present on a spacecraft.  
S i m i  l a r l y ,  s tudies o f  thermoradiat ion i n a c t i v a t i o n  o f  spores 
suggest t h a t  pressure may p lay  an important r o l e  i n  spore inac t i  vat1o.a. 
The resu l t s  o f  these studies are reported i n  our Nineteenth Quarterly 
Report. The "explanation" here i s  be t t e r  understood s ince reactants 
must undergo volume changes dur ing react ion,  and f o r  most f irst  order 
react ions pressure i s  counterproductive t o  t h i s  volume change, Thus, 
increasing pressure decreases the react ion r a t e  and decreasing 
pressure accelerates it. 
Most experimentation designed t o  study e i t h e r  o f  these va r i ab les  
i n  d ry  heat environments has a lso involved the other. Thus, it has 
been v i r t u a l l y  impossible t o  separate t h e i r  e f f ec t s  and understand 
them. Such an understanding i s  des i rab le  since i t  re la tes directly 
t o  
(1  ) the d e f i n i t i o n  of optimal s t e r i l i z a t i o n  environments, 
(2 )  the p red ic t ion  o f  the r a t e  o f  i nac t i va t i on  o f  encapsulated 
and mated surface spores, and reasons why these a r e  
d i f f e r e n t  from ra tes f o r  surface spores, and 
(3 )  the  e f f e c t s  o f  deep space on bac te r i a l  su r v i va l .  
Add i t i ona l l y  , stud ies  o f  pressure and moisture e f f e c t s  lend 
i n s i g h t  i n t o  the  nature o f  the react ions involved i n  spore i n a c t i v a t i o n  
1 n thermal and thermoradiat ion environments . 
. Systems t o  p rec ise ly  con t ro l  and measure RH a t  elevated 
temperatures have been developed and are  described i n  previous 
qua r t e r l y  repor ts  and Research Reports SC-RR-70-409 and SC-RR-70-775. 
Prel iminary water a c t i v i t y  experimentat ion a t  ambient pressure was 
reported i n  the  previous qua r t e r l y  repor t .  Further experiments 
i n  t h i s  area were performed t h i s  past  quarter ,  and a  r epo r t  o f  t h i s  
work i s  under preparat ion. 
To complete the  t o t a l  moisture-pressure system, apparatus was 
designed and fabr ica ted t h i s  quar ter  which makes possib le d ry  heat 
s t e r i l i z a t i o n  experiments i n  which both r e l a t i v e  humidi ty  and 
pressure are independently cont ro l  1  ed var iab les  . The overa l l  apparatus 
is  shown i n  Figure 17. 
The r e l a t i v e  humidi ty  o f  the  a i r  i n p u t  t o  the  oven ( 4 )  i s  
regul  ated as described i n  Sandi a  Laboratories Research Reports 
SC-RR-70-409 and SC-RR-70-775. The po r t i on  o f  the  system t h a t  does 
t h i s  i s  shown as 7, 8 and 9 i n  Figure 17. Number 7  ind icates  a  
warm water bath i n  which the  i npu t  a i r  i s  almost saturated a t  
23°C. Number 8 shows t he  temperature the  temperature con t ro l  u n i t ,  
r e f r i g e r a t i o n  coi  1s and heater which maintains a constant temperature 
i n  water bath 9. The water bath contains a  condenser so t h a t  the  
a i r  humidified in the warn water bath (7)  leaves the water b ~ t h  ("1 
w i t h  a known moisture content. T h i s  moisture content is  regulated 
by pressurizing the condenser and/or changing the condensl ng 
temperature. This air ,  a t  the desired pressure, i s  heated jn a 
coil i n  the oven ( 4 ) .  
Biological samples are exposed to th is  heated, pressurized a"r 
in pressure chambers in the oven. One deteminatisn of WW a t  pPess:ire 
and ambient temperature i s  made by a LiCl sensor, number 5 ,  i n  t h e  
a i r  l ine.  A flow t h r o u g h  condition i s  masntained with o u t p u t  a +  r -  
flow measured a t  6. Themocouples imbedded in the pressure appara tus  
inside the oven are used t o  record temperature en recorder number 1 
and RH i s  recorded on 3.  A dew point apparatus for measuring R!4 
separately i s  shown a t  2. 
Inside the oven i s  the actual apparatus designed for  maintaiping 
the desired pressure on the samples. This i s  shown in Figure IS, "ere 
the previ ously condi ti oned input ai r , wi t h  humi di ty and pressure con- 
trolled, passes through a pre-heater co i l ,  number 4 ,  into an i n t a k e  
manifold, number 3.  From here the a i r  passes into the pressure pe t s ,  
number 5 ,  and from there t o  an exhaust manifold number 1. I n d i v i c u z l  
po ts  may be isolated by a pair of valves, number 2 .  
The placement of a sample, number 1 , Figure 1 9 ,  inside a p o t  
i s  shown as number 2 ,  Figure 19. An empty p o t  i s  shown a t  number 3, 
Preliminary experimentation with this  system has just b e g u n ,  



Federal Standard 209a 
A. Descr ip t ion .  Sandia Labora to r i e s ,  through the BEG, has the 
de lega ted  r e s p o n s i b i l i t y  from t h e  General Serv ices  Adminis t ra t ion 
(GSA) t o  main ta in  Federal Standard 209a, "Clean Room and Work 
S t a t i o n  Requirements, Control l ed Environment. " I n q u i r i e s  regard ing  
changing o r  in - te rpre t ing  the s t anda rd  a r e  normally,  forwarded by 
GSA t o  Sandia f o r  r e p l y ,  Although the t e c h n i c a l  con ten t  o f  the 
s t anda rd  has proved t o  be sound, misunderstanding and m i s i n t e r -  
p r e t a t i o n  cont inue  t o  e x i s t .  
B .  Progress .  In view o f  a gradual accumulation o f  c o m e n t s  Prom users 
and recognizing t h a t  the s t anda rd  could be c l a r i f i e d  and updated 
i n  some s e c t i o n s ,  we have requested t h a t  a meeting be c a l l e d  for 
t h e  f a l l  of  1971. This  r eques t  was s e n t  t o  the AEC an Mareks 11, 1979 
f o r  t r a n s m i t t a l  t o  GSA. The proposed meeting would be pre l iminary  
i n  n a t u r e  and would be a t tended  only  by Government agency representatives, 
The purpose of  the meeting would be t o  review and d i s c u s s  the adequacy 
o f  the s t anda rd  and t o  determine whether a formal r e v i s i o n  is  needed. 
If  GSA approves a p r o j e c t  f o r  t h i s  purpose,  we will proceed w i t h  
prepa ra t i ons  f o r  t h e  meeting. 
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of Microorganisms ," Biophysi k 7 ,  55-59 (1970). 
2. R. T. Dillon and Diane Holdridge (5162), "An Approach t o  Computerized 
Bacterial Iden t i f i ca t ions , "  SC-RR-70-779, November 1970. 
3. M. C. Reynolds and D. M. Garst,  "Optimizing Thermal and Radiation 
Effects f o r  Bacterial Inactivation ," Space Life Sciences, Vol . 2 ,  
No. 3 ,  December 1970. 
4. A. L. Roark, "On the  Eigenproblem f o r  Convolution Integral Equationss" 
Numerische Mathemati k ,  - 17 (1971 ) 54-61 . 
5. R. E. T ru j i l l o ,  "The Preparation and Assay of T4 Bacteriophage3" 
SC-RR-710107, February 1971. 
6. V .  L .  Dugan, "A Kinetic Analysis of Spore Inactivation i n  a Composdte 
Heat and Gamma Radiation Environment," Space Life Sciences, VoL 2 
No. 4 ,  March 1971. 
7. R. T. Dillon, 1741, Diane Holdridge, 5162, R.  Puleo and G.  Oxborrow, 
PHs, Cape Kennedy, Florida , "A Computerized Bacteri a1 Identl" f i  c a t i  cn 
System as Appl ied t o  Planetary Quarantine, " accepted f o r  pub1 i e a t i  en 
i n  Space Life Sciences. 
8. A. L. Roark, "On the  Estimation of the  Microbial Load on Space Hardwave 
w i t h  Applications t o  Apollo ," Journal of the  American Association f o r  
Contamination Control , Vol . 3 ,  No. 1 , January 1971 . 
9 .  d .  P. Brannen, "Role of Water Activity i n  the Dry Heat S t e r i l i z a t i on  
of Microorganisms ," accepted f o r  pub1 icat ion i n  the  Journal of 
Theoretical B i  01 ogy . 
69 
Presentations and Br ie f ings  
1, W .  D. S i v i nsk i  spoke t o  the I.I.T. Alumni Associat ion, February 6, 
a t  the Sandia Base O f f i ce r s  Club on the  Planetary Quarantine 
Program a t  Sandia. 
2 ,  H. D. S iv insk i  presented a t a l k  on "Why the  Search f o r  Extra-  
t e r r e s t r i a l  L i fe "  t o  The Questers , F i r s t  Presbyterian Church on 
March 7. 
3. H. D. S i v i nsk i  presented a t a l k  on " Impl ica t ions o f  the Planetary 
Quarantine Program," t o  t he  Science Club a t  West Mesa High School 
on March 11. 
4, W .  J. W h i t f i e l d  spoke t o  the Science Classes a t  Hoover Jun ior  
High School on March 25. His t o p i c  was "Space and Medical 
Appl i c a t i o n  o f  Clean Rooms. " 
5,  H. D. S iv insk i  was the speaker a t  the J o i n t  Meeting o f  the Albuquerque- 
Dayton-Cincinnati Section o f  the  American I n s t i t u t e  o f  Aeronautics 
and Astronautics on A p r i l  13. His subject  was "The Planetary 
Quaranti  ne Program. " 
6, The Japan A i r  Cleaning Associat ion sent  copies' o f  the Japanese 
t r a n s l a t i o n  o f  "Contamination Control P r inc ip les  ," t o  the Planetary 
Quarantine Department. This pub l i ca t ion  was authored by H. D. 
S i v insk i ,  W. J. Wh i t f i e l d  and 3 .  A. Paulhamus and published as 
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